A comparison of methods, two based upon 5-hydroxymethylfurfural determination (colorimetric using a semi-automated procedure and HPLC) and ion exchange chfomatography (HbAj using BioRad method) was performed. The influence of variables on 5-hydroxymethylfurfural determination is reported. The dialysis Step appears to be essential for an accurate determination of 5-hydroxymethylfurfural released from glycated haemoglobin. The adjustment of haemoglobin concentration to an accurately known level is required for the colorimetric method, in order to achieve the same background colour absorbance. For the HPLC method this Step is not necessary äs 5-hydroxymethylfurfural liberation was proved to be stoichiometric. The Sep Pak C-18 cartridge purification appears to be an improvement for the accurate determination of 5-hydroxymethylfurfural using HPLC. When the three methods were compared the overlap between normals and diabetics was found to be less, using the 5-hydroxymethylfurfural HPLC method, suggesting that this procedure, although more time consuming, seems to be more useful in the management of diabetes mellitus.
Introduction
therefore been paid to methods for the determination The assay of glycated haemoglobin is a clinically of this parameter. An extensive review of the techuseful index of Ipng term blood glucose control in niques and their clinical Utility was recently compiled diabetes mellitus (l -3)* Considerable attention has by Mayer & Freedman (4).
The most frequently used techniques are based upon altered physical properties of the haemoglobin molecule or upon the release of 5-hydroxymethylfurfural from glycated haemoglobin by mild acid hydrolysis. The minicolumn cation exchange Chromatographie method for HbAi has become routine (5) (6) (7) . But this techniques are extremely sensitive to variations of pH, ionic strength, temperature, column load, labile glycated haemoglobin, sample storage, lipaemia and variant haemoglobins (8 -12) . In the colorimetric technique, 5-hydroxymethylfurfural is generally measured spectrophotometrically after reaction with thiobarbituric acid (13) . Many authors (14) (15) (16) (17) have reported that this procedure is non-stoichiometric and requires careful standardization of assay conditions, including the concentration of total haemoglobin in the assayed aliquot, in order to achieve precision and permit comparison of results. In order to obtain more reliable results some authors (18 -20) reported the automatization of the colorimetric procedure. Recently an HPLC determination of 5-hydroxymethylfurfural without coloration was proposed (21), the results obtained by such a method were reported to have the advantage of specificity, accuracy and reproducibility. The aim of the present investigation was to compare HPLC determination of 5-hydroxymethylfurfural with the colorimetric method, f using a serni-automated procedure, and with the HbAj determination on Bio-Rex 70. As the three methods were carried out on the same patients the clinical Utility of these techniques will be discussed. MoreoVer the different Steps of the hydrolysis procedure for both 5-hydroxymethylfurfural determination methods were investigated in order to attempt to simplify the procedure.
Materials and Methods

Sample collection
Venous blood samples were collected in EDTA Vacutainer'* tubes. Red cells were separated by centrifugation (1400 g for 10 min) and washed three times with saline. The multi-step procedure to prepare the haemolysate and the hydrolysate is summarized in flg. l.
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Haemolysis reagent Fig. 1 . Protocol followed for HbA, determination using a BioRad° column and for 5-hydroxymethylfurfural determination using the thiobarbituric acid method or HPLC method.
Ιοη-exchange method HbAj quantification was performed using cati n exchange mini-columns purchased from BioRad (Orimbio, Paris, F).
Chromatographie spearation was performed s described by the manufacturers during the two days following the blood collection. The temperature was in the r nge 20-22°C. Results are expressed s HbA, fraction of total haemoglobin.
5-hydroxymethylfurfural derminations
The hydrolysis procedure was performed by the Pecoraro technique (14) . Briefly, the dialysed haemolysate diluted with 1.8 ml distilled water was hydrolysed for 5 hours at 100°C with 2ml of l mol/1 oxalic acid, containing 60μηαο1/1 l-methylxanthine s internal Standard for HPLC determination.
The more tedious
Step in the colorimetric method is the haemoglobin concentration adjustement. In order to investigate the necessity for this
Step, the amount of 5-hydroxymethylfurfural released by hydrolysis was determined by the thiobarbituric acid test and by the HPLC procedure for increased concentrations of haemoglobin. Figure 2 shows clearly that the 5-hydroxymethylfurfural determination using the colorimetric method depends on the haemoglobin concentration. In contrast, when the HPLC procedure is used, the 5-hydroxymethylfurfural determination is stoichiometric.
Thiobarbituric acid test
The glycosyl moiety was determined by an automated method using a Technicon Autoanalyser II (Domont, F), reagents and a procedure previously described (20) . In order to prevent the effect of light during the development of the coloration, aluminium foil was put on the Technicon analyser. Results are expressed s nmol 5-hydroxymethylfurfural per mg Hb. The Standard curve was obtained by dilution before assay of 2.3 mmol/i 5-hydroxymethylfurfural stock solution (stored at -1-8°C) to cover the r nge 2.3-23 μπιοΐ/ΐ.
HPLC determination
The HPLC System consisted of a continuous constant flow pump generating a flow rate of 1.5 ml/min, equipped with a loading sample injector valve (20 μΐ loop) and a LC-UV detector Pye Unicam (Philips, Bobigny, F) operated at 280 nm. The sensitivity was set at 0.01 absorbance unit f ll scale. The HPLC column (20cm χ 4mm I.D.) was a Lichrosorb RP-18, 7 μπι. The Chromatographie System was operated at room temperature. The mobile phase consisted of methanol-tetrahydrofuran-acetic acid-water (6.2 4-0.3 + l -i-93.5 by volume). As previously described (21) the hydrolysates were purified on a Sep Pak C-18 cartridge. The Standard curve was obtained by dilution of l ml of diluted stock Standard solution in l ml of hydrolysis reagent containing the internal Standard, followed by processing pn a Sep Pak C-18 cartridge. The volume of Standard of biological sample injected into the HPLC apparatus was 20 μΐ.
Results
Analytical variables for 5-hydroxymethylfurfural determination
The internal Standard (l-methylxanthine) added before hydrolysis for HPLC determination did not give any,coloration with thiobarbituric acid.
In order to test the dialysis Step, an increasing concentration of glucose was added to the haemolysate before hydrolysis. HPLC results show that the amount of 5-hydrpxymethylfurfur l increased after hydrolysis when the concentration of glucose increased. Thus the dialysis Step appears to be essential for an accurate determination of 5-hydroxymethylfurfural released from glycated haemoglobin. The Sep Pak C-18 cartridge purification of the haemolysate appears to be an improvement for an •accurate determination of 5-hydroxymethylfurfural using the HPLC procedure s shown in figure 3 . The Sep Pak C-18 cartridges can be used three times if they are washed between each purification according to the procedure previously described (21) .
Comparison of methods
Precision
The between-assay precision was determined for non diabetic subjects. The coefficient of Variation (C.V.) for the cati n exchange Chromatographie method was 8.4% (22) . C.V. for the semi-automated colorimetric method was 4.8% (20) and C.V. for the HPLC determination of 5-hydroxymethylfurfural was 4.5% (21). 
Specificity
Adduct formation with haemoglobin has been described for compounds other than glucose, such äs carbamyl residues or acetaldehyde. Under such conditions, the specificity of the cation exchange Chromatographie method was shown to be unreliable. In contrast, the colorimetric method is not affected by such a change (23) . The specificity of the HPLC method has already been discussed in detail (21) . The discrepancy between 5-hydroxymethylfurfural results obtained by the colorimetric or HPLC method, äs shown in figure 2, 4 and 5, suggests the presence of a background colour absorbance in the colorimetric method.
Clinical study
The amount of HbAt (expressed äs fraction of total haemoglobin) or of carbohydrate bound to haemoglobin (5-hydroxymethylfurfural expressed in nmol/ mg Hb) in control and diabetic subjects was determined by the three methods on the same .samples. The results are represented in figure 4 .
The values were: --exchange method: 0.0643 ± 0.0076 (m ± SD, n = 27) for controls and 0.0923 + 0.0204 (n = 42) for diabetics.
-Thiobarbituric acid procedure:, 5-hydroxymethylfurfural 1.74 ± 0.17 nmol/mg Hb for the control group and 2.26 ± 0.47 for the patient group. -HPLC determination: 5-hydroxymethylfurfural 0.64 ± 0.13 nmol/mg Hb and 1.20 ± 0.41 for controls and diabetics respectively. <. . Using the three methods the differences between both groups were always significant (p < 0.001), the HPLC procedure having greatest significance. As can be seen from the scatter of the values in figure 4 the overlap between the control and the diabetic values was least with the HPLC method. Comparison of results fröm the colorimetric and HPLC methods for 5-hydroxymethylfurfural shows a systematic enhancement by the former method, equivalent to about 1.1 nmol/ mg Hb. Moreover if the diabetic and normal mean value ratios are compared, this ratio is higher (1.87) for HPLC method than for the cation exchange method (1.43) or the thiobarbituric acid test (1.30), suggesting that the HPLC method would be more useful in the management of diabetes mellitus. At least, it is worth noting that in normals the 5-hydroxymethylfürfural values (0.64 nmol/mg Hb) are three times higher than 5-hydroxymethylfürfufal values (0.21 nmol/mg of protein) reported for glycated serum proteins using almost the same hy--drolysis procedure (20) . These results are in agreement with the difference in the half life between serum proteins and haemoglobin. 
Correlation studies
The results obtained for control and diabetic subjects with the colorimetric method and with the HPLC method were correlated ( fig. 5a ). The results obtained with the BioRad columns and with HPLC method were also compared ( fig. 5b) . Results by all these methods correlated well, but the correlation between the ion exchange method and HPLC results was stronger (r = 0.88, p < 0.001, y = 0.044x + 0.038) than between the colorimetric method and HPLC (r = 0.86, p < 0.001, y = 0.93 χ + 1.14). The relative deviation from linearity m y be due to differences in background absorbance caused by adjustment of the haemoglobin level for the colorimetric assay. 
Discussion
High concentrations of glucose in blood may influence the colorimetric method (20, 24) . The results reported here confirm that free glucose also gives rise to 5-hydroxymethylfurfural under the conditions used for the hydrolysis of glycated haemoglobin. Dialysis of haemolysates, äs proposed here, or washing the blood cells, äs proposed by Standefer (25) , eliminated this interference.
It has been reported (14, 16, 25) that the production of 5-hydroxymethylfurfural from haemoglobin may vary with the amount of haemoglobin in the hydrolysis mixture. Some of the absorbance measured in colorimetric assays may be due to non-specific colour absorbance contributed by the sample (26) . Under the hydrolysis conditions reported here, the background colour absorbance is important and equivalent to 1.1 nmol/mg Hb. Our results show that not only the 5-hydroxymethylfurfural but also a coloured cornpound are released by oxalic hydrolysis of haemoglobin. This coloured compound is dialysable and gives an absorbance at 440 nm. As shown in figure2, the lower the concentration of haemoglobin, the higher is this interference. In the colorimetric method the haemoglobin concentration must before be adjusted to a known value before hydrolysis. It is then assumed that this interference is the same for every sample. As the HPLC method is is stoichiometric and specific such an adjustement can be omitted.
The purification of biological samples is often necessary in HPLC procedures. Such a Step permits a more accurate and precise determination of 5*hydroxymethylfurfural. Moreover r this
Step enhances the life of the column.
Comparing the time required to run the various assays, ion exchange chromatography is certainly the least time consuming, but it has many disadvantages (8^12). The temperature is particularly crücial in obtaining satisfactory results with this method. The colorimetric procedure, 'especiälly wßen it is aü-tomated (18) (19) (20) , seems more adapted for a great number of analyse$. The equipment used for the HPLC procedure is of a type available in hospital laboratories and the accuracy in the determination of 5-hydroxymethylfurfural compensates for the time required to obtain results.
The HPLC procedure appears to be a convenient tool for determining the degree of glycation of prot eins, such äs haemoglobin. It should be easily adaptable to other proteins.
